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Furthermore, memory-related molecules such as rut 
or dnc, are necessary for this discriminative behavior [4]. 
Nevertheless, these molecules are also known to function 
in peripheral neurons other than the central brain [5, 6]. 
This raised uncertainty about whether flies rely primar-
ily on memory to distinguish between sucrose concentra-
tions or if sensory adaptation is a more significant factor.

Here, we aimed to address this gap by investigating the 
role of memory in feeding behavior when flies are pre-
sented with high or low sucrose solutions. We observed 
that when the feeding sites available are reduced, the 
discrimination of Drosophila for the high sucrose solu-
tion is also reduced. However, pre-exposure to both 
concentrations reinforced the discrimination even when 
the feeding site availability was subsequently reduced. 
Our results revealed that this selective feeding behavior 
relies on memory-related genes and dopamine signaling 
in the mushroom body, a key neural center for learning 
and memory in flies, suggesting that flies use memories 

Introduction
Adequate nutrition in a variety of environments is an 
important ability for animals. Drosophila melanogaster 
has developed as a valuable model organism for taste 
sensing and feeding behaviors [1, 2]. Previous studies 
have found that flies show acute sucrose discrimination, 
being able to distinguish between 10 mM and 10.25 mM 
sucrose solutions [3]. Interestingly, it has been suggested 
that this discrimination is achieved not only by promot-
ing the intake of higher concentrations but also by inhib-
iting the ingestion of lower concentrations [3].
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Abstract
Selection of appropriate food is an ability that allows animals to make optimal foraging choices. However, the 
neural mechanisms that control this food selection remain unclear. The purpose of this study was to investigate the 
connection between memory and the feeding behavior of Drosophila melanogaster when two sucrose solutions 
with different concentrations are available. We placed flies into plates with 150 mM and 100 mM sucrose solutions 
and measured the preference for the 150 mM one. Flies preferred the 150 mM solution over the 100 mM when all 
60 wells of the plate were filled with both solutions; this preference decreased when there were only 8 wells with 
food. Remarkably, prior exposure to a plate with all 60 wells filled with both solutions enhanced the preference for 
the 150 mM, even when there were only 8 wells with food. We found that the memory-related gene rut and the 
dopamine D1 receptor on the mushroom body were required to enhance the preference after the prior exposure. 
These findings show that memory acquired through experiencing both solutions is stored in the mushroom body 
optimizing the food selection process.
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of complex environmental information retained in the 
mushroom body and operated in a dopamine-dependent 
manner to make food choices, resembling associative 
memory processes.

Materials and methods
Fly strains and rearing
All experiments were performed on Drosophila melano-
gaster flies 2–5 days after eclosion. Using the Canton S 
strain as wild-type. As for memory deficient mutants, we 
use rut1 flies for rutabaga mutant [7], and dumb2 flies for 
dopamine D1 receptor mutant. OK107 was used for pan-
mushroom body neurons GAL4 driver [8].

All fly stocks were raised on standard cornmeal 
medium at 25°C, in 60% relative humidity on a 12:12  h 
light/dark cycle.

Two-choice test
The experimental methodology developed previous 
methods [9, 10]. Before the behavior test, flies were 
starved for 9 h in empty vials. Thirty to forty of those flies 
were introduced onto a 60-well micro-test plate (Nunc, 
Denmark) and allowed to feed. The wells in a micro-
test plate were alternately empty or filled with sucrose 
solution, depending on the experiment. The higher-
concentration sucrose solutions contained blue, and the 
lower-concentration solutions contained red food dye, 
and all solutions contained 1% agar. The blue dye was 
brilliant blue FCF (FUJIFILM Wako Pure Chemical Cor-
poration, Japan) and the red dye was amaranth (SIGMA-
Aldrich, USA), with final concentrations of 0.5  mg/ml 
and 0.25 mg/ml, respectively.

Naive experiments are measured by introducing the 
flies to the plate. In the experience procedure, the flies 
are placed on a plate with the short edge cut off (the cut-
off side was covered with Parafilm), containing a solution 
without dye. After 3 min, the Parafilm was removed and 
connected to a plate with the same cut-off edges, and the 
flies were transferred to the plate, containing a solution 
with food dye, and allowed to feed for 12 min. All experi-
ments were conducted under dark conditions limiting 
the flies’ visual information.

After feeding, flies were killed in a freezer and classified 
into four groups according to their abdominal color; blue 
(Nb), red (Nr), no staining (Nn), and Np represents the 
number of flies fed both blue and red solutions. The pref-
erence index for the higher-concentration sucrose was 
calculated as 100 x (Nb-Nr)/(Nb + Nr + Np). The percent-
age of Nn flies was smaller than 50% in all experiments. 
The percentage of Nn was about 20% or less in the naive 
experiments, but in the experienced procedure, the per-
centage was higher but never exceeded 50% because of 
the solution without dye in the first plate.

Statistics
Normality tests were performed with the D’Agostino & 
Pearson test, the Anderson-Darling test or the Shapiro-
Wilk test. In the case of the two-group test, an unpaired 
t-test was performed after confirming by the F-test that 
there was no significant difference in the variances. In 
the case of a three-group test, if both normality and vari-
ance tests were passed, a parametric one-way ANOVA 
and Dunnett or Tukey’s multiple comparisons test were 
performed (GraphPad Software, Inc., La Jolla, CA, 
USA). For all statistical analyses, significance levels were 

Fig. 1 Effect of food availability on selective feeding in starved flies. (A) Experimental design showing 60-well plates with different configurations of 150 
mM (blue) and 100 mM (red) sucrose solutions. (B) Preference index for 150 mM sucrose on each configuration. Median PI of 85.92% for 30:30, 67.32% 
for 15:15, 23.36% for 4:4, and 21.65% for 2:2 configurations. Each circle represents the preference index using about 40 flies. Box plots show median, 25th, 
and 75th percentiles and the whisker bars represent maximum and minimum values. Statistical significance was determined using a one-way ANOVA 
followed by a Dunnett post hoc testing
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represented in figures using asterisks as follows: * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001, and ‘ns’ (not sig-
nificant) for p > 0.05. Additionally, the exact p-values are 
provided below each significance marker.

Results
Reducing food location impairs selective feeding behavior
To investigate how flies selectively intake between two 
sucrose solutions, we chose 100- and 150-mM sucrose 
because previous electrophysiological studies demon-
strated that these correspond to the midpoint of the 

Fig. 2 (See legend on next page.)
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dynamic range of gustatory receptor neuron responses 
in Drosophila [11, 12]. We placed flies in a setup with 
60 well plates containing 150 mM and 100 mM sucrose 
solution, varying the number of wells containing each 
solution (Fig.  1A).The results demonstrated that when 
all 60 wells were filled with sucrose solutions (30:30), the 
preference index (PI) for 150 mM sucrose was 85.92%. 
However, reducing the number of wells to 15:15 signifi-
cantly lowered the PI to 67.32%, and it further declined 
to 23.36% and 21.65% in the 4:4 and 2:2 configurations, 
respectively (Fig.  1B). These results resemble those 
observed in the 100 mM versus 10 mM setup, where 
the preference index declines as the well’s configuration 
changes from 30:30 to 4:4 [3]. Suggesting that the flies’ 
ability to exhibit selective feeding is impaired as the num-
ber of wells with solution decreases.

Prior exposure to high-well availability increases PI
Previous studies showed that increasing the travel time 
between food encounters in sparse environments reduce 
foraging behavior [13]. We assume that the decline in 
the PI is due to the reduced encounter frequency result 
of the reduction of sucrose wells. To test this idea, we 
introduced flies into a 30:30 configuration plate for 3 min 
to ensure sufficient opportunities to encounter different 
sucrose wells and then transferred to a 4:4 configuration 
(Fig. 2A). The results showed that flies previously exposed 
to the 30:30 configuration exhibited a significantly higher 
PI of 41% in the subsequent 4:4 configuration, compared 
to the PI of 25% for flies without prior exposure (Fig. 2B). 
The effect of prior experience was observed even when 
the food dye assignments were reversed (Fig. 2C and D). 
A similar effect was observed in the 2:2 configuration, 
where prior exposure also increased PI (Fig. 2E and F).

To determine if the enhancement in the PI was due to 
the solution’s location, since the same wells contained 
similar solutions in both configurations. We exchanged 
the location of the solutions in the 30:30 plate (Fig. 2G). 
Notably, this increased PI was maintained even when 
the locations of the sucrose solutions in the 30:30 were 
exchanged (Fig.  2H), suggesting that the effect was not 

dependent on the specific spatial arrangement of the 
wells.

Nevertheless, pre-exposing flies to a 4:4 configuration 
instead of the 30:30 configuration (Fig. 2I and K), made 
no difference in the PI compared with flies without previ-
ous exposure when they were transferred to a test plate 
with either a in a 4:4 (Fig.  2J) or a 30:30 configuration 
(Fig.  2L). These results suggest that sufficient opportu-
nities to encounter sucrose solutions are critical for the 
increment in PI and that flies may further retain this 
information to guide their selective feeding behavior.

Memory retention supports long-term selective feeding
To confirm that flies use information about their sur-
rounding feeding environment—potentially relying on 
some form of memory—to improve the selective feed-
ing, we extended the time interval between their trans-
fer from the 30:30 configuration to the 4:4 configuration 
(Fig. 2M). Remarkably, flies maintained a high PI imme-
diately after transfer and 30, 60, and even 120 min later 
(Fig.  2N). These findings further support our hypoth-
esis that memory plays a role in guiding selective feeding 
behavior. However, we could not test longer intervals, as 
prolonged starvation led to fly mortality.

Selective behavior requires multiple sucrose 
concentrations
Next, to determine if this enhanced selectivity could be 
explained by the sensory processing of the previous expe-
rience either habituation to the higher sucrose concen-
tration of sensitization to the lower concentration or by 
more specific aspects of their surrounding feeding envi-
ronment, we prepared three types of 30:30 plates: one 
containing 150 mM and 100 mM sucrose solutions and 
two others containing either 150 mM or 100 mM sucrose 
exclusively (Fig. 3A). The results showed that flies exhib-
ited a high PI only when presented with the plate con-
taining both sucrose concentrations (Fig. 3B), suggesting 
that multiple concentration options are crucial for the 
observed enhancement in the selective feeding behavior.

(See figure on previous page.)
Fig. 2 Previous experience enhances preference for 150 mM sucrose concentration on low-well configurations. (A, C, E, G, I, K, M) Schematic representa-
tions of the two-choice feeding assay for naive flies (top) and experienced flies (bottom). Naive flies were tested on a plate with a 4:4 configuration (test 
plate) for 15 min, while experienced flies underwent a pre-exposure period in a 30:30 configuration plate for 3 min followed by testing on a test plate 
unless otherwise stated. (B) PI for 150 mM solution on the test plate. Naive flies showed a median PI of 29.58% while experienced flies a 42.08%. (C) Repre-
sentation of the feeding assay switching the red and blue dye. (D) Naive flies’ PI 9.59%, experienced flies’ PI 33.02%. (E) Representation of the feeding assay 
with a 2:2 configuration test plate. (F) Naive flies’ PI 17.86%, experienced flies’ PI 49.26% (G) Representation of the feeding assay with a 4:4 asymmetrical 
configuration test plate. (H) Naive flies’ PI 29.70%, experienced flies’ PI 60.08% (I) Representation of the feeding assay with a 4:4 configuration pre-exposure 
plate. (J) Naive flies’ PI 25.6%, experienced flies’ PI 25.15% (K) Representation of the feeding assay with a 4:4 configuration pre-exposure plate and a 30:30 
configuration test plate. (L) Naive flies’ PI 72.31%, experienced flies’ PI 77.66% (M) Representation of the feeding assay with a 30-, 60-, and 120-minutes 
wait between the pre-exposure and the test. (N) Naive flies’ PI 25.14%, 30 min wait flies’ PI 41.88%, 60 min wait flies’ PI 40.41%, 120 min wait flies’ PI 41.97%. 
Each circle represents the preference index using about 40 flies. Box plots show median, 25th, and 75th percentiles and the whisker bars represent maxi-
mum and minimum values. Statistical significance was determined using a two-tailed Student’s T-test in B, D, F, H, J and L. Statistical significance in N was 
determined using a one-way ANOVA followed by a Dunnett post hoc testing
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Memory mutants fail to exhibit selective feeding
To further investigate the role of memory in selective 
feeding, we conducted experiments using the memory 
mutants rut1 and dumb2 [7, 14, 15] which present simi-
lar PI scores when presented to the 30:30, 15:15, and 
4:4 configuration to the PI presented by wild-type flies 
(Fig.  4A and C).　Flies of these mutants were exposed 
to the 30:30 configuration and then transferred to the 
4:4 configuration. Unlike wild-type flies, rut1 and dumb2 
mutants failed to increase the PI in the 4:4 setup after 
prior exposure to the 30:30 plate (Fig.  4B and D). To 
confirm that these memory-related molecules indeed 
function in the central brain, we performed rescue exper-
iments using the dumb2 mutant. In the dumb2 mutant, a 
piggyBac containing a UAS sequence activated by GAL4 
is inserted into the first intron, which suppresses the 
endogenous expression of dopamine D1 receptor. Thus, 
crossing this mutant with a GAL4 driver can restore 
dopamine D1 receptor expression [15]. For this res-
cue experiment, we crossed the dumb2 mutant with the 
pan-mushroom body GAL4 driver OK107 to generate 
dumb2/dumb2; OK107/+ flies. These flies exhibited a sig-
nificant higher PI in the 4:4 configuration after previous 
exposure to the 30:30 configuration without any effect in 
the control experiments (Fig. 5), suggesting that selective 

feeding behavior requires dopamine signaling in the 
mushroom body neurons.

Discussion
Drosophila melanogaster exhibits acute selectivity for dif-
ferent sucrose concentrations, but this selectivity dimin-
ishes as the number of available feeding sites decreases 
[3]. In this study, we demonstrate that Drosophila’s feed-
ing selectivity is enhanced when the flies are first pre-
sented with a high-opportunity feeding environment 
before the options are reduced. This increase in selec-
tive feeding persists for over two hours after the previ-
ous experience. Moreover, this enhancement requires the 
flies to experience both sucrose concentrations, as prior 
exposure to only one concentration failed to increase 
preference in the 4:4 configuration. These findings indi-
cate that sugar selectivity in flies is not due to simple 
habituation or sensitization at the level of taste receptor 
cells but is a sophisticated brain function performed by 
memory formation and recall in the central brain.

We found that this experience-dependent selectiv-
ity is impaired in the dopamine D1 receptor mutant and 
can be restored by expressing this receptor gene in the 
mushroom body. Previous findings indicate that a subset 
of dopaminergic neurons innervating mushroom body 

Fig. 3 The enhancement selective feeding depends on training with multiple sucrose concentrations. (A) Schematic representation of training plates’ 
configuration. Flies were pre-exposed to plates with a 30:30 configuration or a 60:0 configuration with only one type of sucrose solution, either 100 mM 
(light gray) or 150 mM (dark gray) for 3 min. Testing was conducted on plates with a 4:4 configuration under identical conditions for all groups. (B) Flies 
which experienced both concentrations showed a PI of 43.71%, flies which experienced only one solution showed a PI of 9.08% and 8.43% respectively. 
Each circle represents the preference index using about 40 flies. Box plots show median, 25th, and 75th percentiles and the whisker bars represent maxi-
mum and minimum values. Statistical significance was determined using one-way ANOVA followed by Tukey post hoc testing
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respond to sugar stimulation [16, 17]. This suggests that 
these neurons play a critical role in processing feeding-
related experiences and guiding future food choices 
based on memory. The mushroom body is a well-estab-
lished center for associative memory in Drosophila and 
sugar information is also represented in the mushroom 
body neurons [18], and our results further support its 

involvement in feeding behavior optimization through 
memory-dependent mechanisms.

Interestingly, we found that flies can retain informa-
tion about prior sucrose exposure for more than 120 min. 
This retention period aligns with medium-term memory 
in olfactory learning paradigms [19] and previous study 
demonstrates that mutant of medium-term memory 
also impairs sugar selectivity [4], suggesting that similar 

Fig. 4 Short term memory mutants do not show enhancement of selective feeding after pre-exposure. (A) Comparison of PI for 150 mM solution on 
30:30, 15:15, and 4:4 configurations between CS flies and dumb2 flies. CS flies showed a median PI of 94.78%, 92.66%, and 22.05% respectively while 
dumb2 flies’ PI were 96.81%, 88.3%, and 23.64% respectively. (B) Preference index of dumb2 mutant flies, naive and with pre-exposure (25.64% and 27.22% 
respectively). (C) Comparison of PI for 150 mM solution on 30:30, 15:15, and 4:4 configurations between CS flies and rut1 flies. CS flies showed a median 
PI of 85.92%, 67.32%, and 22.95% respectively while rut1 flies’ PI were 85.92%, 49.79%, and 21.5% respectively (D) Preference index of rut1, naive and with 
pre-exposure (22.91% and 24.99% respectively). Each circle represents the preference index using about 40 flies. Box plots show median, 25th, and 75th 
percentiles and the whisker bars represent maximum and minimum values. Statistical significance was determined using a two-tailed Student’s t-test
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neural mechanisms may underlie both associative olfac-
tory learning and food experience mechanism.

Our findings also highlight the importance of environ-
mental complexity in shaping feeding decisions. Flies 
pre-exposed to a 30:30 sucrose configuration exhibited 
an enhanced preference even when subsequently tested 
in a 4:4 or 2:2 configuration. This suggests that Dro-
sophila integrate previous sugar experiences into their 
decision-making process, enabling them to optimize 
their feeding choices under changing conditions. More-
over, this enhancement was not dependent on the spatial 
location of sucrose wells, indicating that the flies retained 
information about the sucrose concentrations rather than 
the physical arrangement of the food sources.

In contrast, our results indicate that the preference 
observed in high-opportunity environments (30:30 and 
15:15) is primarily driven by sensory processing rather 
than memory, since both rut1 and dumb2 mutants 

exhibited preference indices comparable to wild-type 
flies without prior exposure. Interestingly, previous stud-
ies demonstrated that memory mutants including rut1 
show significantly reduced sucrose preference even in a 
30:30 condition when the sucrose concentrations were 
30mM and 40mM [4]. This discrepancy may indicate that 
the relative contribution of memory and sensory process-
ing depends on the magnitude of the sucrose concentra-
tion difference. When the contrast is small (e.g., 30 mM 
vs. 40 mM), memory may influence the sucrose prefer-
ence. However, when the contrast is increase (100 mM 
vs. 150 mM), real-time gustatory processing may be suf-
ficient to drive food selection.

Overall, this study reveals that memory acquisition and 
recall significantly contribute to feeding discrimination in 
Drosophila. The ability to store and retrieve information 
about prior sucrose exposure allows flies to optimize food 
selection in dynamic environments. This underscores the 

Fig. 5 Rescue of dumb2 expression in the mushroom body restores experience-induced enhancement of feeding selectivity. PI for the 150 mM sucrose 
solution, black boxes represent naive flies, and pink boxes represent experienced flies. The first two boxes represent OK107 flies as genetic control show-
ing a PI of 26.07% and 43.53%. The second two boxes represent dumb2 mutants, which show a PI of 25.64% and 27.22% respectively. The final two boxes 
represent the rescued genotype (dumb2/dumb2; OK107), which shows PIs of 25.41% and 41.44%. Each circle represents the preference index using about 
40 flies. Box plots show median, 25th, and 75th percentiles and the whisker bars represent maximum and minimum values. Statistical significance was 
determined using one-way ANOVA followed by Tukey post hoc testing
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adaptive value of memory in shaping foraging strategies 
and highlights potential parallels between feeding-related 
memory processes in Drosophila and other animals. Fur-
ther investigations into the underlying neural circuits will 
provide deeper insights into the relationship between 
experience, memory, and decision-making in feeding 
behavior.
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